Introduction
Over the past two decades, hypervalent organoiodines(III and V) have been the focus of great attention due to their mild and chemoselective oxidizing properties and their environmentally benign nature, a contrast to toxic metal oxidants. 1 However, the stoichiometric use of hypervalent iodine compounds has been limited, for some by their potential shock sensitive explosiveness and/or by poor solubility in common organic solvents. 1 Thus, there has been strong interest in the catalytic use of organoiodines for both economical and environmental reasons. 2 In 2005, there was a signi cant breakthrough in synthetic organic chemistry using hypervalent iodine compounds. Ochiai s group 3a and Kita s group 3b independently reported the rst organoiodine(III) catalyzed oxidative coupling reactions with the successful use of meta chloroperbenzoic acid (mCPBA) as a stoichiometric co oxidant. Since 2005, rapid progress has been made in the development of hypervalent iodine(III or V) catalyzed oxidation reactions. 2 On the other hand, the development of chiral hypervalent iodine catalyzed oxidative reactions remains one of the most challenging areas in asymmetric organocatalysis. 4 As shown in Figure 1 , chiral hypervalent iodine reagents 1 8 have been developed for various asymmetric oxidations. The best enantioselectivities observed with these reagents are shown in Figure 1. In 1986, Imamoto et al. reported the rst example of a chiral hypervalent iodine mediated enantioselective oxidation reaction. 5 The asymmetric oxidation of sul des gave sulfoxides with moderate enantioselectivities on use of oligomeric chiral iodine(III) species 1, the structure as later proposed by Koser, 6 generated from iodosobenzene (PhIO) and tartaric anhydride derivatives. After this paper was published, several chiral hypervalent iodine reagents were developed by the groups of Koser (for oxidation of sul des), 7 Wirth (for dioxytosylation of styrene), 8 Kita (for oxidation of sul des), 9 Ochiai (for oxidative α phenylation of β ketoesters), 10 Zhdankin (for oxidative desymmetrization of vicinal diols), 11 Fujita (for oxidative cyclization of acyloxyalkenes), 12 and Birman (for oxidative dearomatization of phenols). 13 But the enantioselectivities obtained in these reactions were still moderate. In contrast, before our own work, there were only three examples of in situ generated chiral iodosylarene(III) or iodylarene(V) catalysis with mCPBA as a stoichiometric co oxidant (Scheme 1).
14 16 In 2007, Wirth s group reported the enantioselective oxytosylation of ketones with moderate enantioselectivities (up to 39% ee) using a chiral iodosylarene that was generated in situ from iodoarene 9 and p toluenesulfonic acid with mCPBA (Scheme 1a).
14 In 2009, Quideau s group reported the enantioselective hydroxylative dearomatization of 2 methyl 1 naphthol with modest enantioselectivities (up to 50% ee) using binaphthyl based chiral iodylarene generated in situ from 10 with mCPBA (Scheme 1b). 15 Both examples are intermolecular couplings. In general, the development of asymmetric catalysis of intermolecular reactions is more difcult than that of intramolecular reactions. In 2008, Kita s group reported the intramolecular enantioselective oxidative dearomatization (Kita oxidative spirolactonization) of 1 naphthol derivatives 11 to spirolactones 12 with high enantioselectivities (up to 86% ee) using a chiral iodosylarene reagent 13, which has a conformationally rigid 1,1 spiroindanone backbone (Scheme 1c). 16 They also succeeded in the catalytic use of 13 (30 mol % based on iodine) that was generated in situ from the corresponding iodoarene 14 in the presence of acetic acid, although the enantioselectivity was reduced to 69% ee. We have had a great interest in the development of organocatalysis based on hypervalent chemistry since 2007. 17 In 2010, we demonstrated the rational design of conformationally exible iodosylarenes as chiral catalysts based on nonbonding interactions for the enantioselective Kita oxidative spirolactonization. 18 In this account, we summarize our results. Additionally, other representative hypervalent iodine mediated asymmetric oxidation reactions reported after our publications are also highlighted brie y.
Design of Structurally Flexible Hypervalent Iodine(III)
Catalysts for Enantioselective Kita Oxidative Spirolactonization of 1 Naphthols
The enantioselective oxidative dearomatization of phenols and its analogues is a very useful method for the synthesis of several important medicinally and biologically active compounds. Several elegant strategies have been developed for this transformation, 19 and here we brie y spotlight those based on hypervalent iodine. 20 In 1994, Hoshino s group reported the oxidative dearomatization of phenols bearing the oxime moiety suitably tethered at the ortho position to give the corresponding dihydroisoxazole using iodosobenzene as oxidant and camphor sulfonic acid as activator (Scheme 2). 21 They used, for the rst time, 9 phenylmenthyl ester as a chiral auxiliary to obtain reasonable diastereoselectivities. 21 In 2008 Kita s group developed the rst example of a chiral hypervalent iodine mediated enantioselective oxidative dearomatization reaction (Scheme 1c). 16 One year later, the groups of Birman 13 and Quideau 15 reported independently the enantioselective oxidative dearomatization of phenols using chiral iodylarene reagent 8 (Figure 1 ) 13 or organoiodine 10 with mCPBA (Scheme 1b), 15 respectively.
During our studies on hypervalent iodine catalyzed oxidation reactions, 17 we became interested in Kita oxidative spirolactonization. The catalytic cycle proposed by Kita et al. is shown in Scheme 3. 16 Trivalent iodine species 15 is generated from iodoarene and mCPBA, and reacts with 1 naphthol derivatives 11 to give the naphthol iodine(III) complex 16 (an associative intermediate). The intramolecular oxidative coupling reaction proceeds enantioselectively to produce enantio enriched spirolactone 12 (enantioselective path) with the regeneration of iodoarene. In contrast, if the phenoxenium ion 17 (a dissociative intermediate) is formed after dissociation of iodoarene from 16, racemic 12 is obtained (racemic path).
In contrast to Kita s conformationally rigid catalyst, 16 we designed conformationally exible chiral hypervalent iodine catalysts 18 for the Kita oxidative spirolactonization (Scheme 4).
18 C 2 Symmetric chiral iodoarenes 19 consist of three units, an iodoaryl moiety (A), chiral linkers (B), and subfunctional groups (C) (Scheme 4). These units can be easily combined to give a wide variety of chiral iodoarenes 19. The iodosylarenes 18 generated in situ from iodoarenes 19 were expected to exhibit intramolecular hydrogen bonding interactions between the acidic hydrogen of C (NHAr) and the ligand (L, for example acetoxy group, hydroxy group, etc.) of iodine(III) (18 I). Alternatively, intramolecular n σ interactions between the electron de cient iodine(III) center (σ C I orbital) of A and the Lewis basic group of C (lone pair n), for example carbonyl groups, might also be formed (18 II). We envisioned that a suitable chiral environment might be conScheme 1. Hypervalent iodine(III or V) catalyzed asymmetric oxidation reactions with mCPBA reported before our publications.
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Scheme 2. Hypervalent iodine mediated oxidative dearomatization of phenol derivatives to the dihydroisoxazole.
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Scheme 3. Proposed catalytic cycle for Kita oxidative spirolactonization.
16 structed around the iodine(III) center of 18 via such nonbonding intramolecular interactions. 22 We used lactate as a chiral linker for our catalyst design. Notably, Fujita et al. rst introduced lactate as a chiral source for their chiral reagent 7 (Figure 1) . 12 As shown in Scheme 5, chiral iodoarenes 19 are easily prepared from 2 iodoresorcinol. The Mitsunobu reaction of 2 iodoresorcinol with ( ) ethyl lactate gave C 2 symmetric chiral iodoarene 19a, which was easily hydrolyzed to 19b without epimerization. Treatment of 19b with thionyl chloride followed by one of several amines gave the corresponding amides 19 in good yields. C 2 Unsymmetrical iodoarenes 20a and 20b were also synthesized from 2 iodophenol via similar procedures.
To prove our concept (Scheme 4), chiral iodoarenes 19 and 20 were examined as precatalysts for the enantioselective oxidative spirolactonization of 1 naphthol derivative 11a to spirolactone 12a in the presence of mCPBA as a co oxidant (Table 1) . 18 The use of diester 19a and dicarboxylic acid 19b gave 12a in 23% ee and 43% ee, respectively (entries 1 and 2). In contrast, the use of bis(primary amide) 19c gave 12a in 70% ee (entry 3), and the use of bis(N aryl amide)s 19d g further increased the enantioselectivity (entries 4 7). Bis(N mesityl amide) 19g was the best pre catalyst with respect to activity and enantioselectivity (entry 7, 64% yield, 82% ee). The use of tertiary amides such as 19h and 19i gave moderate enantioselectivities (entries 8 and 9). These results suggest that the intramolecular hydrogen bonding interactions (18 I) might play a key role in obtaining higher enantioselectivities. However we cannot rule out the possibility of intramolecular n σ interactions (18 II) being important. Additionally, C 2 unsymmetrical iodoarenes such as monoester 20a 12 and mono (N mesityl amide) 20b gave low enantioselectivities (entries 10 and 11). Thus, the C 2 symmetric chirality in 19 is essential for the present enantioselective oxidative spirolactonization. After optimization of the reaction conditions with 19g (entries 12 18), the highest enantioselectivity (92% ee) was observed in chloroform under diluted conditions (entry 14). Notably, high or good enantioselectivities were observed regardless of the polarity of the solvent (entries 15 18).
The substrate scope and limitations of the present oxidative spirolactonization are shown in Table 2 .
18 Various 1 naphthol derivatives 11 were examined as substrates under the optimized conditions using 19g (10 mol %) and mCPBA (1.2 1.5 equiv). The oxidation of 4 substituted naphthol derivatives 11b g gave the corresponding spirolactones 12b g in good to high yields and high enantioselectivities (entries 1 6). Fortunately, nearly enantiomerically pure 12d f were obtained after a single re crystallization (≥98% ee, entries 3 5). The absolute stereochemistry of 12f was determined to be (R) based on an X ray crystal analysis ( 99% ee, entry 5, Figure 2) . Notably, the oxidation of 4 benzoylnaphthol derivative 11f gave 12f in 94% yield and 83% ee (entry 5). In sharp contrast, in Kita s work, 11f gave racemic 12f.
16b Although the oxidation of 4 methoxynaphthol derivative 11h with 19g gave racemic 12h (entry 8), as did use of Kita s reagent 13, 16 for the oxidation of 6 methoxynaphthol derivative 11i, 19g gave 12i of 87% ee (entry 8). Unfortunately, 3 methoxynaphthol derivative 11j gave 12j in very low yield (entry 9). Notably, the oxidation of 3 benzyloxymethyl substituted 11k gave 12k in good yield and 91% ee (entry 10). Analogues of 12k are possible new candidate intermediates for use in the enantioselective synthesis of Lactonamycin.
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Iodosylarene diacetate 21 was prepared easily by the oxidation of 19g with Select uor (Scheme 6). 18 The stoichiometric oxidations of 11a, 11b, 11i, and 11k with 21 gave the corresponding spirolactones 12 in higher yields than the catalytic oxidation conditions (Table 2 versus Scheme 6). The chemical yield of 12 might be decreased under catalytic oxidation conditions by over oxidation and/or decomposition of 12 with mCPBA. In particular, 12j was obtained in 87% yield and 95% ee from the stoichiometric oxidation of 11j. In sharp contrast, the catalytic oxidation of 11j gave a messy reaction mixture, and 12j was obtained in only 3% yield ( Table 2 , entry 9). Additionally, the stoichiometric oxidation of 11 with 21 and catalytic oxidation with 19g/mCPBA gave 12 in similar enantioselectivities. This strongly suggests that iodine(III) species 18 generated in situ from 19g is the actual oxidant species in the present catalytic oxidation.
We succeeded in achieving selectively both oxidation of 11 to spirolactone 12 and consecutive enantio and diastereo selective oxidations of 11 to epoxyspirolactone 22 by controlling the amount of mCPBA used.
18b Thus, oxidation of 11a with 5 equivalents of mCPBA in the presence of 10 mol % of 19g gave epoxyspirolactone 22 in good yield (Scheme 7). The relative stereochemistry of 22 was determined by an X ray Scheme 6. Preparation of iodosylarene 21 and stoichiometric oxidation of 11. crystal analysis of ( ) 15 (Figure 3 ). Enantiomerically pure 22 was obtained after a single re crystallization. Additionally, both of the enantio enriched epoxyspirolactones 22 and 23 could be obtained selectively from 12a in good yields (Scheme 7). Epoxyspirolactone 22 could be obtained by the epoxidation of unsaturated spirolactone 12a with in situ generated peracetic acid 24 or MeReO 3 /H 2 O 2 25 in good yield and with higher diastereoselectivities than obtained by cascade oxidation from 11a. Meanwhile, the diastereomeric epoxyspirolactone 23 could also be obtained with 80% diastereomeric ratio through the bromohydrination of 12a with NBS and subsequent treatment with K 2 CO 3 . These epoxyspirolactones may be useful synthetic intermediates for further transformation to new compounds incorporating a wide variety of functional groups.
Other Oxidative Transformations
After our rst work was published, several research groups reported highly enantioselective oxidative transformations using conformationally exible chiral iodosylarene reagents. 26 30 Fujita s group developed the highly enantio and endo selective oxylactonization of alkenylbenzoic acid derivatives with chiral monoester or diester derived iodosylarenes 24 or 25 in the presence of excess amounts of BF 3 ·Et 2 O and acetic acid (Scheme 8). 26 Interestingly, through ESI MS (electrospray ionization mass spectrometry) analysis of iodosylarene 25 they detected some molecular related ion signals that may be due to species having interactions between internal lactate side chain with iodine(III) moiety (Scheme 8).
Recently, Fujita s group applied their enantioselective oxylactonization method 26 to the asymmetric synthesis of 4 oxyisochroman 1 one polyketide metabolites. 27 They also succeeded in catalytic oxylactonization using chiral iodoarene 26 (10 mol %) in the presence of mCPBA (Scheme 9). 27 The asymmetric oxidative double cyclization of various (E) 2 (4 hydroxybut 1 en 1 yl)benzoates gave the corresponding dihydrofuran fused isochromanones in moderate yields with good to high enantioselectivities.
Muñiz s group reported the intermolecular enantioselective diamination of styrenes for the rst time using Fujita s reagent 25, and bismesylimide (NHMs 2 ) as the nitrogen source (Scheme 10). 28 They proposed that the iodosoarene ArI(NMs 2 )-(OAc) species might be responsible for this highly enantioselective nitrogen transfer reaction.
Very recently, Wirth s group reported the intramolecular enantioselective oxyamination of homoallylic urea derivatives using our bisamide derived reagent 21 (Scheme 11). 29 Importantly, the use of para toluenesulfonamide (TsNH 2 ) with an excess amount of trimethylsilyl tri ate (TMSOTf) is essential for reproducible results. Hence, in this reaction a highly reactive ArI(OTf) 2 species may be generated in situ from 21 and TMSOTf.
Conclusion
We have demonstrated the rational design of a conformationally exible iodosylarene 18 as a chiral catalyst based on secondary nonbonding hydrogen bonding or n σ interactions for use in the enantioselective Kita oxidative spirolactonization. In a similar way, it is likely that several precatalysts for other enantioselective oxidative transformations will be found in the library of compounds 19. After our rst paper was published, 18 several research groups reported the highly enantioselective oxidative transformations using conformationally exible chiral organoiodine(III) reagents. These examples highlight the substantial scope of these species in catalysis. 
